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  Additive Manufacturing (AM) processes which include Selective Laser Sintering  
(SLS) have experienced tremendous growth and development since their 
introduction over 20 years ago. It becomes highly important at this stage to evaluate the 
sustainability of the process and refine it to reduce energy and material consumption. In 
this study, a sustainability analysis was performed on the SLS process with Nylon-12 
using the Environmental and Resource Management Data (ERMD) known as 
Eco-Indicators. The energy perspective alone was considered and a Total Energy 
Indicator (TEI) value was calculated using various parameters to quantify process 
sustainability: process productivity, energy consumption rate, etc.   
Precise thermal control of selective laser sintering (SLS) is desirable for 
improving geometric accuracy, mechanical properties, and surface finish of parts 
produced. An experimental setup to monitor the temperature distribution was designed 
using Resistance Temperature Detectors (RTD) as a part of this study. Discrepancies in 
 vii 
temperature profiles were investigated and recommendations were made to improve 
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The United Nations (UN) Conference on the Human Enviro ment (Stockholm, 
1972) added the environment to the UN’s list of global problems which resulted in the 
creation of the United Nations Environment Programme (UNEP). The 1972 report titled 
‘The Limits of Growth’ warned that the earth’s natural resources were being quickly 
depleted and that there might not be resources remaining to allow the developing world to 
industrialize [1]. 
The report ‘Our Common Future’ [2] was released in 1987 by a UN commission 
chaired by the Norwegian Prime Minister, Gro Harlem Brundtland, and the concept of 
“sustainable development” was adopted. Sustainability is defined here as the design of 
human and industrial systems to ensure that humankind’s use of natural resources and 
cycles do not lead to diminished quality of life due either to losses in future economic 
opportunities or to adverse impacts on social conditions, human health and the 
environment. These requirements reflect that social conditions, economic opportunity, 
and environmental quality are essential if society’s development goals are reconciled 
with international environmental limitations. Accordingly, fundamental research, 




The point of view, according to the report, is that the present wasteful lifestyle of 
the developed nations is not sustainable on account f their disproportionately large per 
capita resource consumption that results in environmental degradation and societal 
inequity. In fact, some scholars have estimated that supporting the present standard of 
living seen in the developed nations for all mankind with the current technologies 
requires the natural resources of two additional Earths [3].  
The rallying wisdom behind sustainable development, therefore, is for restraining 
the rate of use of material and nonrenewable energy now so as to keep enough for many 
future generations to fulfill their own ambitions of living standards. This could be 
possible by adopting technologies that are four times as resource-efficient as the current 
ones. This is called the Factor 4 idea, in contrast o the previous assertion of the Factor 10 
idea that advocated the need for improving the effici ncies by an order of magnitude. 
Thus, sustainable development is thought to be a wise balance among economic 
development, environmental stewardship, and societal equity. In some business circles 
this is referred to as the triple bottom line.  
A consensus “straw man” definition that a group of professionals from various 
scientific, engineering, economic, and ecology backgrounds at the United States 
Environmental Protection Agency’s (EPA) National Risk Management Research 
Laboratory suggested is that sustainability occurs when the material and social conditions 
for human health and the environment are maintained or improved over time without 




be thought of as the goal, with sustainable development, as the process for achieving it. 
Figure 1 illustrates the concept of sustainability. 
 
Figure1- Illustration of Sustainability [2] 
If it is accepted that the Earth’s nonrenewable resources decline with uncontrolled 
economic development, one is forced to conclude that e best one can do is to 
considerably slow down this decline to meet the challenges posed by population growth 
and inevitable development. This is clearly possible since the advancement of science 
and technologies has provided steadily increasing energy and material efficiencies in 
producing goods and services. The ‘Our Common Future’ treatise on sustainability 
centered on global conditions of ecology (i.e., environment), economic development (i.e., 
by technologies), and societal equity [3]. Based on this, the definition for sustainability is 
as follows. Sustainability is defined as a measure of degree with which the material and 
social conditions for human health and the environme t are maintained or improved over 





1.1.2 Sustainability Indicators 
Another important need is the definition of sustainability indicators that 
encompass key issues and are quantifiable. Unfortunately, less work has been performed 
on sustainability indicators than other indicators. Figure 2 illustrates that the selection of 
sustainability indicators should include considerations related to economics, society, and 
the environment.  The International Institute for Sustainable Development has been 
working on a set of indicators since 1995 to measure progress toward sustainable 
development [1]. 
 
Figure 2- Sustainability Indicators [2] 
A great deal of progress has been made in the developm nt of methods for Life 




of product production and use. As shown in Figure 3, these stages include the extraction 
of natural resources, manufacture, product use, and reuse, recycle or disposal. Figure 3 
shows that product evolution through the life cycle (clockwise) involves material and 
energy use, releases to the environment, and associted costs (private and societal). In 
most cases, the inner loops of reuse and remanufacturing are preferred, requiring less raw 
materials, energy, time, and cost. These efforts to inv ke LCA have been successful at 
reducing waste, pollutants, and energy use for a number of industries [1]. 
 
Figure 3- Life Cycle stages of Process [1] 
On the side of product design, considerable effort has been undertaken to develop 




factors, and even multi-lifecycle issues. However, processes are much more universal 
than products, and a successful process design oftehas great importance to and great 
staying power for an entire industry, More recently, focuses on studying process level 
environmental performance have been developed, particul rly for conventional 
machining processes [3]. 
Two classes of metrics are in development to indicate the state and performance 
of a system. These metrics are more popularly known as indicators. Those that indicate 
the state of a system are known as content indicators nd those that measure the behavior 
of a system, performance indicators. 
Naturally, researchers have attempted to measure improvements in terms of three 
groups of metrics corresponding to the three aspect of sustainability: ecological metrics, 
economic metrics, and sociological metrics. These metrics measure only one aspect of the 
system, and, therefore, are one-dimensional (1-D). There have been attempts to measure 
2-D aspects as well [3]. 
These 2-D metrics are shown in Figure 2 as belonging to the interactions of any two 
aspects of sustainability. Thus, one can identify eco- fficiency metrics, socio-ecological 
metrics, and socio-economic metrics. 3-D metrics can be obtained from the intersection 
of all three aspects, which could be called true sustainability metrics. These seven types 
can be summarized below: 
Group 1 (1-D): economic, ecological, and sociological ndicators 




Group 3 (3-D): sustainability indicators 
Dozens of indicators have been suggested for use in d termining improvements 
made to chemical processes, a manufacturing site, or a manufacturing enterprise. One of 
the significant studies on sustainability metrics was sponsored by the Center for Waste 
Reduction Technologies of American Institute of Chemical Engineers (AIChE) for 
evaluating process alternatives [3]. The metrics or indicators used in this study were 
material utilization, energy use, water use, toxics dispersion, pollutant dispersion, and 
greenhouse gas emission—all either per unit mass of product or alternatively per unit of 
economic value addition. Given the values of these indicators for two or more processes 
for a product, a value judgment was made for the prfer ed approach. The other 
significant effort was made under the auspices of the Institution of Chemical Engineers 
(IChemE) in the U.K. In this effort, the indicators were specifically grouped into 
environmental, economic, and social categories. Theirs was a comprehensive list of all 
possible indicators that might be relevant to a manuf cturing site. The environmental 
indicators were further shown as belonging to either resources or environmental impact 
categories. Among resources the important indicators hat this study suggested were 
energy use, material use, water use, and land use; and among environmental impacts, 
acidification, global warming, human health, ozone d pletion, photochemical smog 
formation, and ecological health. Economic indicators include several value-added 
measures and R&D expenditures. Lastly, a range of social indicators had been proposed 




workplace. The only known study in the open literatu e on 2-D metrics development is 
that of BASF, the chemical company [4], although numerous process improvement 
methods have been developed that address eco-efficiency ssues. BASF created the eco-
efficiency indicators to measure the environmental and economic performance of a 
product or a process. In the BASF method, five ecological indicators were combined to 
provide an “ecological footprint”, which was plotted against the life cycle cost of process 
options, and the process that has the lowest of both was judged to have superior eco-
efficiency [3]. 
Identification of  true sustainability indicators (i.e., 3-D),  would more fully reveal 
sustainability features than the 2-D and 1- D indicators, all of which may or may not be 
equally important, especially at the beginning of an assessment.  
This idea calls for measuring the 3-D indicators fit, and, if decision-making needed 
further elaborations, explores the 2-D and 1-D indicators, as well to address certain issues 
as might be important in specific situations. Because of the large variety of 
manufacturing cases that are possible to consider, th  determination of 3-D indicators 
would be necessary, but not sufficient. 
To identify the true 3-D indicators, the main concer s are ecological impact, 
economic development, and societal equity. Those indicators that directly affect these 
three concerns simultaneously are 3-D. Those indicators s shown in Figure 2 are 
i) Nonrenewable energy use 




iii) Waste generation 
iv) Pollutant dispersion 
v) Clean water use 
vi) Cost 
Energy is the prime driver for economic growth, and if nonrenewable, always has 
an ecological impact through the emission of pollutants and greenhouse gases, and, since 
limited, does affect future generations. It would appear that nonrenewable energy use is 
inherently a 3-D indicator. Likewise, material use can have direct ecological impact, is 
associated with value creation, and can have intergenerational impact. Thus, material use 
is also a 3-D indicator. Process wastes that are well controlled and contained are 
economic value-losses and are 1-D economic indicators. Some wastes, such as gypsum 
piles, could, however, be 2-D eco-efficiency indicators, the effect being environmental 
nuisance and potential pollution. Pollutant dispersion is a 3-D indicator, as it represents 
environmental impact, has economic cost associated with it, and, frequently, has a 
bearing on the health of the people and ecosystems in the neighborhood of the 
manufacturing units. The cost of manufacturing is areflection of the nature of technology 
(economic value creation) and affordability for public consumption (societal value)—
thus, a socio-economic indicator. In comparison, among manufacturing processes for a 
product, the lowest cost is not only desirable to the manufacturer for its profitability, but 
also intricately connected to the satisfaction of the customers. In this line of thinking, 




manufacture is minimized while improving all 3-D ind cators in the first step of the 
design endeavor. 
 
1.1.3 Industrial Ecology 
The broad sense of sustainability can be limited to engineering under the term 
‘Industrial Ecology’. The study of the flow of materials and energy through industry and 
implications for the overall production of products and waste is termed Industrial 
Ecology [IE]. Recently, the approach of industrial ecology has been expanded further to 
consider material and energy flows from multiple, often inter-related industries, and 
through local environments, regions, national economies, and global trade [1]. 
Generally, IE involves both processes and products. The interaction of process 
design with the environment concerns is somewhat different from that of product design. 
The IE interaction is thus heavily influenced by two rather separate groups of designers. 
Depending on content, IE, is also referred to as Green Manufacturing [GM], clean 
manufacturing, Environmentally Conscious Manufacturing (ECM), Environmentally 
Benign Manufacturing (EBM), Environmentally Sound Manufacturing (ESM). It is 
instrumented in the recognition of industrial impacts on the environment, development of 
methods for their measurement, and assessment of pollution extent from various 
industries. The main idea behind IE is the integration of the manufacturing industry with 
nature, and it was suggested that if symbiotic, closed-loop links could be established, the 




existing gap between industrial expansion and enviro mental concern renders the 
implementation of IE difficult in practice. On the one hand, GM has become an important 
issue in industry, driven by the regulations governing manufacturing emissions and end-
of life disposal of products, increasing demand for environmental certification 
requirements (ISO 14000) worldwide and an emerging consumer preference for “green” 
products. On the other hand, there is still a significant confusion and misunderstanding 
about its components, costs, benefits and implementatio  [5]. 
Much has yet to be done to be able to incorporate the vision of GM into the 
constant need for industrial growth. The first step towards achieving this goal is gaining 
better understanding of the environmental impacts of both current and newly developed 
industrial activities and identifying their extent. Environment Conscious Production 
(ECP), Environment Conscious Design (ECD), materials recovery and recycling, product 
recovery and remanufacturing, as well as collection and disassembly each have their role 
in the life cycle of the product processing. However, to date, the extent of the 
corresponding environmental impacts of the product processing lifecycle stages has not 









1.1.4 Sustainability issues in Conventional Manufacturing 
Any manufacturing process that involves material removal due to mechanical 
stresses exceeding the strength of the material, induced by a tool is referred to as a 
conventional machining process [7]. The forming andshaping of metals and plastics, via 
processes such as injection molding, stamping, and forging, are essential to modern 
society. Tools, dies, and molds, collectively referred to here as ‘‘tooling,’’ are required to 
produce nearly all plastic and metal products in industries such as automotive, medical, 
aerospace, and consumer electronics.  
 
Figure 4-Major components of the tooling life cycle 
 
The tooling life cycle (Figure 4) is not environmentally sustainable for a number 
of reasons, including the consumption of limited materi l and energy resources and the 
pollution of terrestrial, aquatic, and atmospheric systems during production and 
utilization activities. The manufacturing operations generating these impacts include 
casting, forging, and machining, operations which, according to the U.S. Environmental 




consume large amounts of limited natural resources, are among the most significant 
polluters of freshwater systems, and are responsible for the release of particulates, metal 
oxide fumes, and respirable organics that are harmful to human health. In addition to 
material, energy, and associated emissions, pollutin in the tooling production cycle can 
be attributed to ‘‘engineered scrap’’ operations such as machining that removes metal 
previously invested in the life cycle of the tool, and ancillary products and materials (e.g., 
hydraulic oils, cutting fluids, casting sand, cutting tools, etc.) that are necessary to 
achieve economical tooling production but that are not part of the final tool itself. These 
externalities of production are significant inhibitors to the goals of environmentally 
benign manufacturing, creating opportunities for cleaner production and progress towards 
sustainability [8]. Table 1 gives a list of opportunities to reduce the environmental burden 
while dealing with conventional manufacturing process s 
In 2002, the overall injection molding energy consumption in the U.S. in a yearly 
basis amounted to 2.06 x 108 GJ. This value included all steps in the LCI, except polymer 
production. Including polymer production would increase this number by an order of 
magnitude. This value (2.06 x 108 GJ) was of similar magnitude to the overall U.S. 
energy consumption for sand casting (1.62 x 108- 2.28 x 108 GJ) [9]. To comprehend the 
scale of the U.S. injection molding energy consumption, Table 2 provides values of the 
entire electricity production of several countries in 2002. Without accounting for the 
electric grid, the overall injection molding energy consumption in the U.S. amounts to 




imperative for industry to keep improving the efficiency of the process, since small 
savings anywhere in the LCI can lead to tremendous energy savings on a national scale. 
This seems an intelligent move in a time of rising e ergy prices [9]. 
 
Process Opportunities for reduced Environmental burden 
Casting Air/Water emissions and energy consumption fr m furnace and mold 
material handling operations; solid waste from discarded mold 
material; general footprint of factory operation and associated 
overhead. 
Forging Energy Consumption; hydraulic fluid use and spills; conversion coating 
use; metal working lubricants and fluids; footprint overhead; tool 
production and disposal. 
Machining  Energy Consumption; production and handling of waste chips; metal 
working fluids; tool production and use; on-site water treatment 
Table 1-Tooling supply chain manufacturing operations and associated 




















Table 2-Countries with smaller order of magnitude electricity production to the 
amount of energy spent injection molding in the U.S [9] 
 
1.1.5 Additive Manufacturing 
Additive Manufacturing (AM) is a ‘What you see is what you get’ process where 
the virtual model and the physical model are almost identical [10]. 
With additive manufacturing, the machine reads in data from a CAD drawing and lays 
down successive layers of liquid, powder, or sheet material, and in this way builds up the 




section from the CAD model, are joined together or fused automatically to create the 
final shape. The primary advantage to additive fabric tion is its ability to create almost 
any shape or geometric feature. 
Additive Manufacturing (AM) can be used not only to generate rapid prototypes for 
design optimization and verification but also to create production tools or directly 
fabricate products. This relatively new manufacturing technology has been experiencing 
tremendous development and growth since its introduction a little over two decades ago. 
AM has been widely adopted in aerospace and automotive industries, and is quickly 
becoming an important production process in electronics industry. 
 
1.1.6 Sustainability in Additive Manufacturing 
In view of the fast growth and wide adoption of various AM processes, it is 
important to study the lifecycle performance of AM processes, including  consumption of 
natural resources and energy, and impact on human he lth and the environment, together 
with other process attributes such as cost, accuracy, productivity, and functionality, so 
that the AM technology can become more sustainable.  
In general AM processes have many good environmental ch racteristics. The 
material utilization rate is much higher in material additive process adopted in AM than 
in material removal process used in machining process. The waste streams are less in AM 
processes than in conventional manufacturing processes uch as machining. Worn tools 




major source of hazard in machining, are not used in AM processes. Comparing with 
conventional manufacturing processes, AM processes have distinguishing features in 
process mechanisms, materials, energy use, etc. [11] 
AM operations were highlighted at the September 2001 Workshop on 
Environmentally Benign Manufacturing (EBM) for their potential to reduce 
environmental impact within the metals manufacturing dustry. In contrast to metal 
removal operations conventionally used in the tooling ndustry, an additive process 
creates a mold or die cavity by ‘building the boundary’ instead of removing cavity 
material from a bounding volume. By utilizing only the amount of material needed for 
the product, additive manufacturing technologies have the potential to reduce the life 
cycle material mass and energy consumed relative to conventional subtractive techniques 
by eliminating engineered scrap, while also eliminating the use of harmful ancillary 
process inputs. Certain AM techniques also have the capability to completely eliminate 
supply chain operations associated with the production of new tooling by their capability 
to enable repair and remanufacturing of obsolete or failed tooling [4]. 
Many CNC machined parts are produced from billet. In some cases the volume of 
this billet can be significantly more than the part that is to be produced. Within the 
aerospace sector this is called the buy-to-fly ratio. I  is not uncommon for ratios of 20:1 
to be experienced. In other words, for every 20 Kg of raw material purchased as a billet, 
only 1 Kg of material ends-up in the final part. This means that 19Kg of cutting chips 




For low cost and low melting temperature materials such as aluminum, this is not a 
significant issue. However, for more expensive and higher melting temperature materials, 
such as titanium, which is prevalent in aerospace, this is becoming a significant 
economical and logistical problem. Moreover, titanium billet stock is not readily 
accessible with significant lead times of up to andover 12-months [12].  
Inversely, direct metallic AM process are highly material resource efficient, as 
they only use the raw material required to consolidate the final part, and in some cases a 
small amount of support structure [12]. Moreover, any material that is not consolidated 
during the ALM process can be re-used in the machine, without entering into the 
recycling supply chain. This material utilization factor has a number of significant 
business benefits. Figure 5 shows a typical ALM part made using Electron Beam 







Figure 5-Electron Beam Melted component part with high materials waste ratio 
when made using CNC machining [12]. 
In terms of carbon footprint reduction, it is suggested that there are five primary 
environmental and sustainability benefits to the adoption of additive manufacturing [12].  
1. Reducing the amount of raw material required in the supply chain. Hence, reducing the 
need to mine and process primary material ores.  
2. Reducing the need for energy intensive and wasteful manufacturing processes such as 
casting, or processes such as CNC machining which require cutting fluids.  
3. By enabling the design of more efficient products with better operational performance 




4. By reducing the weight of transport related products that go on to contribute towards 
the carbon footprint of the vehicle into which they are integrated.  
5. By allowing parts to be manufactured closer to the point of consumption by 
eliminating the need for fixed tooling and centralized manufacture [12].  
  A variety of industrial sectors have found remanuf cturing of existing products, in 
lieu of original production, a successful approach to simultaneously reduce costs, 
increase productivity, and reduce environmental impacts. While it has been estimated that 
such remanufacturing activities account for $56 billion of the U.S. economy per annum, 
remanufacturing of tooling is rarely performed. This is because currently used techniques 
such as welding cannot restore metal microstructures to ‘‘as-new’’ condition when the 
tool fails or a design change occurs. However, recent scientific and engineering advances 
in laser-based metal freeform fabrication have put tooling remanufacture within the reach 
of technological and economic feasibility. For the tooling industry, remanufacturing 
enabled by certain AM techniques provides an excellent opportunity to increase industrial 
competitiveness by reducing tooling costs and lead times relative to original production. 
By eliminating polluting steps in the supply chain for new tooling production via 
remanufacturing, AM offers an opportunity to increas  industrial competitiveness while 







1.1.7 Sustainability Analyses of Additive Manufacturing Technologies 
Though AM offers various sustainability advantages compared to conventional 
manufacturing techniques, It is essential to look into these processes, investigating how 
the process variables influence the environmental consequences, and apply a systematic 
method to assess the process environmental performance so that these processes can be 
optimized with consideration of their environmental properties [5].  
LCA has been found useful for examining the design of products and processes to 
reduce the impact upon human health and the environment and to achieve sustainable 
industrial development. The first stage in any process is extraction/production of raw 
material. Then it undergoes refining to be transformed into a form suitable for various 
manufacturing processes.  A part produced with an AM process generally goes through 
the following stages: 
(a) Inputting the building material into the system,  
(b) Building the part layer by layer 
  (c) Shape replication and sintering or burning (for tooling processes) and 
(d) Post-processing.  
When the user finishes using the part fabricated by AM, the part goes to the disposal 
stage: to be land-filled, incinerated, or recycled. While the material, part usage and part 
disposal are not exactly part of a process, their inclusion provides a holistic view of the 




process environmental performance include the material extraction stage, energy 
consumption and process wastes in the fabrication and replication stages, and the disposal 
stage. In the material preparation stage, the enviro mental impact is material extraction 
and production. During the part building stage, the main environmental impact is energy 
consumption. The environmental performance value obtained should provide an 
unambiguous measure for the combined environmental impact of material, process, 
energy, etc. This kind of data quantifies the impact of the process to the environment. It 
should be noted that there is no database of this kind available today [5]. 
 
1.1.8 Objective of this study 
The primary objective of this study is to evaluate th sustainability of Selective 
Laser Sintering (SLS) of Nylon-12 from an energy pers ctive and to identify the energy 
drains of the process. Energy consumed by individual components of an SLS machine is 
measured and a quantification of sustainability of the process is provided. The 
sustainability of other manufacturing processes is also investigated and a comparison is 
made between SLS and other processes. Finally, recommendations on how to improve 








1.2 Thermal Distribution in SLS 
The selective laser sintering process is primarily a thermal process as the object is 
formed by sintering or fusing of powder at selected locations of a layer that receive 
directed energy from the laser sufficient to reach the fusing or sintering temperature . 
Those portions of each powder layer that do not receiv  the laser energy remain unfused 
and thus remain below the fusing or sintering temperature. In addition, the temperature of 
the powder receiving the laser energy will generally be higher than the temperature of 
underlying prior layers (fused or unfused). As such, significant thermal gradients are 
present at the target surface of the powder in the SLS process. 
It has been observed that these thermal gradients rsult in distortion of the object 
being produced, thus requiring thermal control of the SLS process for the objects 
produced to precisely meet the design [13].  
Typically inaccuracies in the selective laser sinter g process using polymer 
materials occur due to inhomogeneous shrinkage during the building and cooling 
processes, which induce stresses and result in distortion of the laser-sintered parts. 
Temperature measurements performed within an SLS machine in the past have shown a 
strong temperature gradient in the x-y plane of a layer, thus making the shrinkage of 
geometry, dependent on its x and y positions in the build room. Yet part shrinkage does 




also impacted by cooling, i.e. the length of time th powder bed retains heat, and by the 
thickness of the powder layer. 
The temperature distribution within the part bed an the changes in temperature 
during the building and cooling processes differ with the geometry of each part to be 
produced. The reason for this lies in the variation in the energy applied by the laser. The 
energy generated by the laser heats the powder and causes the sintering effect, finally 
dispersing into the powder bed. And due to the very low thermal conductivity of the 
polymer powder deployed, the part bed retains heat over a relatively long period of time. 
Experiments performed with sample geometries have shown that shrinkage 
occurring in the SLS machine is dependent on time, temperature, and pressure, i.e. the 
weight of the powder in which the part is embedded. To be able to calculate and 
compensate for shrinkage, it is important to ascertain he values of these three factors 
[14].   
Another source of distortion in the production of objects by SLS is undesired 
growth of the part being produced beyond the volume defined by the laser beam. As is 
well known, the spot size of a laser beam can be made quite small so that the resolution 
of features in the object can be quite sharp. However, conduction of heat from fused 
locations can cause powder outside of the scan to sin er to the directly sintered portion 
causing the fused cross-section to grow beyond the area of the laser scan and thus beyond 




sintering remains in the fused portion that newly dispensed powder (in the next layer) 
sinters to the prior layer as it is dispensed [13]. 
Another factor to be considered is density. As the powder temperature within the 
area of the cylinder part of the SLS machine is not uniform because of the nature of the 
powder bed heating temperature system, density of sintered parts being produced is 
affected, which in turn also affects the strength of the sintered parts. The variation of 
density with part bed temperature for nylon 12 is given by the figure. 
 
Figure 6 Density vs. Powder Bed Temperature of Duraform PA 
 
Control of temperature of the sintered and unsintered powder at the target surface 




produced [13]. To maintain thermal homogeneity in the part bed, a radiant heater is 
suspended over the part bed to minimize the distorton effects of growth and curling of 
the part produced by the SLS process. Since the temperature of the surface of the part bed 
can change during the build cycle, feedback and control of the radiant heater may be 
included in the SLS machine. Usually this action is performed by an infra-red 
temperature sensor directed at target surface.   Despite using a radiant heater for thermal 
homogeneity, inconsistencies have been observed in the formation of object cross-
sections. Therefore it becomes essential to understand the thermal distribution inside the 
part bed which will facilitate better control of the system from a thermal standpoint [13]. 
Estimation of the temperature field in the powder bd in selective laser sintering 
is a key issue for understanding the sintering/binding mechanisms and for optimizing the 
technique. Heat transfer may be strongly affected by formation and growth of necks 
between particles due to sintering when the contact conductivity becomes predominant in 
the powder bed.  
The various types of sintering mechanisms yielding powder binding depend 
strongly on temperature. This indicates that calcultion of temperature fields in the 
powder bed in SLS plays a key role in understanding the operating sintering mechanisms 
(depending on the powder type and process parameters) and in estimating the binding 
kinetics. However, the associated heat transfer phenom na taking place in SLS process 




radiation transfer, and thermal conduction through the gas filling the pores and through 
the contacts between the particles [15]. 
In most reported studies dealing with the SLS process, the modeling and 
simulation are usually limited to one- or two-dimensional analysis. For example, Nelson 
[16] used one-dimensional finite element and finite difference methods for density 
prediction for sintered amorphous polymer powders. Two-dimensional models were 
developed for the sintering of amorphous [17– 19] and semicrystalline polymers [20] to 
address the temperature gradient at part edges. A three-dimensional finite difference 
method was developed by Papadatos [21] to predict the density and temperature variation 
in parts built using amorphous polymer powders. Recently, Kolossov et al. [22] 
developed a three-dimensional finite element model for the simulation of temperature 
evolution during the SLS process for metallic materi ls. Dong et al. [23] developed a 
three-dimensional transient finite element model to simulate the sintering of semi-
crystalline polymer powders, where temperature-dependent properties such as the thermal 
conductivity and the specific heat were considered. Not many studies on experimental 
temperature measurements of the SLS process have been conducted to understand the 
temperature distribution.  
In the simulation work was done by Manetsberger, et al. [14], shrinkage in SLS 
was compensated by means of an FEM simulation which replicated the thermal 




As shrinkage is a long-term effect, the highly dynamic effects of sintering were neglected 
when calculating the heat balance. Exposure of the part and the sintering process itself 
are instantaneous, i.e. time is not a factor in the transition from the initial density of the 
powder bed to the final density of the part. This simplification allowed them to select 
suitably large values for both the distance between nodes for the FEM simulation and the 
time intervals for the FEM calculation, thus greatly minimizing computation time. 
Figure 7 depicts the thermal distribution inside th build chamber using the 
example of a hollow rectangular parallelepiped. Forreasons of symmetry, only one-
fourth of the build chamber is displayed in the figure. 
Of course, the results of the shrinkage compensation are only as accurate as the 
thermal simulation itself; i.e. the actual temperatu e conditions in the build chamber must 
be simulated as closely as possible. For this reason the results of the simulation with 
empirical data were calculated. Since it was difficult to measure the exact temperature 
within a part, the temperatures within the powder bd near a sintered geometry were 





Figure7- Thermal distribution inside a SLS build chamber [14] 
 
Figure 8-Comparison of temperatures measured during experiments and results of 




As expected, the height of the cylinder-shaped samples after shrinkage could be 
expressed as a function of the temperature and the pressure applied to the samples. When 
the final values of shrinkage and the temperature applied are expressed in the form of an 
Arrehnius plot, it becomes evident that the two values are linear in dependence. Thus, the 
dependency between temperature T and shrinkage Sfin may be expressed as follows: 
Sfin   α   e 
(–E/cT) 
with c=const. E may be understood as a thermal energy of activation: the higher the 
temperature, the greater the number of particle conta ts which are thermally activated, 
with the result that a greater number of particles b come active, sliding to fill the empty 
spaces. This increases shrinkage and subsequently the final density. 
Figure 9 shows the shrinkage curves of a Poly (methyl methacrylate) (PMMA) 
sample sintered at a temperature of 140oC and a pressure of 18.5 g/cm2. Figure 10 is a 
schematic sketch illustrating the shrinkage mechanism for laser-sintered polymer 











Figure 10- Schematic diagram illustrating the shrinkage mechanism for laser-










Figure 11-Temperature-dependency of the final values ascertained for shrinkage of 
parts [14] 
 
The primary objective of this research study is to understand the thermal gradients 
in the part bed along X, Y and Z directions for selective laser sintering of Nylon-12 and 
to provide inputs to improve the thermal management of SLS, thereby improving part 
quality of products. For the temperature measurement of the build chamber, resistance 
temperature detectors (RTDs) were embedded in the part bed at varying locations. 
 
Experiments were repeated with the RTDs being placed t various locations of the piston 















hown in Figure 12.  







 EXPERIMENTAL SETUP 
2.1 Machines Used 
Two SLS machines were used for conducting experiments as shown in Figure 
13.The machine used for the sustainability study was the SLS VanguardTM  HiQ+HS and 
the machine used for the thermal distribution study was the DTM Sinterstation® 2500plus.  
 
 





Figure 13 B- DTM Sinterstation® 2500plus Machine [25] 
2.2. Sustainability Study 
Two “full chamber build” prosthetic parts were built in this experiment. The CAD 
images of the parts are given by Figures 14 and 15. Part 1 had a volume of 0.000837567 
m3 and part 2 had a volume of 0.000840744 m3. The two parts were oriented in the part 





Figure 14- CAD image of Part 1 
 





Figure 16- Orientation of Parts in the Build Chamber\ 
 The SLS VanguardTM  HiQ+HS machine was operated with the following 
parameters: the laser scan speed was 10 m/s; the powder layer thickness was 0.15 mm; 
the laser power was 50 W. The warm up height was 12.7 mm; the build height was 340 
mm; the cool down height was 2.5 mm.  All four heater zones were initially set at 100o C.  
The part heater had a build zone temperature of 186o C, and the right feed heater and left 
feed heater were set to 142o C. The part cylinder heater zone had the lowest build zone 
temperature of 138o C. The cool down zone temperature of both the feedheaters was 45o 








Technology used Selective Laser Sintering 
Power Source Laser 
Laser Type 50 W CO2 
Laser Scan Speed 10000 mm/s 
Maximum Build Envelope 370 x 320 x 445 mm 
System Power 240 V AC, 3 phase, 50/60 Hz 
CAD file needed .stl  
Table 3 - SLS VanguardTM  HiQ+HS machine specifications [24] 
 




Warmup Zone Build Zone Cool Down Zone 
Left Feed Heater 100  142 45 
Right Feed Heater 100 142 45 
Part Cylinder Heater 100  138  60  
Part Heater 100  186  60  
Powder Layer Thickness (mm) 0.15  
Laser Power(W) Fill Laser Power-42.6 Outline Laser Power-5 
Laser Scan Speed (m/s) 10 
Material Used Duraform PA( Nylon 12) 
Table 4- SLS VanguardTM  HiQ+HS machine parameters used  
 
Table 3 gives a list of the machine specifications. Table 
parameters used for the build. The major power drains of the SLS Vanguard
represented by Figure 17. 
Figure 17- Power drains of the SLS Vanguard
Three Dranetz TR2013 clamp
used to measure the currents flowing across each channel of the input electrical 
connections to the three-
Amperes (RMS Value). A LabVIEW circuit was designed to acquire the power data over 
lengths of time from the start to the end of the build. A NI
used as the DAQ (Data Acquisition) interfa
was set in such a way that data were collected every two minutes from the start to the end 




TM  HiQ+HS Machine
-on current transformers as shown in Figure 18 were 
phase ac machine. The current clamps had a rating of 100 
-DAQ USB 6251 device was 
ce to gather the data. The sampling frequency 
4 summarizes the 






consumption during the various stages of the process. The same method was used to 
measure the power consumption of individual subsystem .  
 
Figure 18- Dranetz TR 2013 Clamp-On Current Transformer  
2.3 Thermal Distribution Study 
Two experiments were conducted to determine the thermal profile of the part 
build in a DTM Sinterstation® 2500plus. The first experiment involved building a 





The second experiment involved just depositing layers of powder for the build 
volume of 13” x 11” X 2” and allowing the temperature of the layers to get to the 
temperatures as programmed into the machine.  The parameters used for both the builds 
















Warmup Zone Build Zone Cool Down Zone 
Left Feed Heater 80 80 45 
Right Feed Heater 80 80 45 
Part Heater 100  173  50  
Powder Layer Thickness (mm) 0.10 
Laser Power(W) Fill Laser Power-3.6 Outline Laser Power-4.0 
Laser Scan Speed (m/s) 5 
Material Used Duraform PA( Nylon 12) 
Maximum Build Envelope 381 x 350 x 457 mm 
Table 5- DTM Sinterstation® 2500plus machine parameters used 
This research study was focused mainly on the internal thermal profile than the 
surface profile. The instruments used for temperature measurement were Resistance 
Temperature Detectors (RTDs). RTDs are temperature sensors that exploit the 
predictable change in electrical resistance of some materials with changing temperature 
[1]. The RTDs used for this research were Class A RTDs F3105 [26] made of platinum. 
Figure 20 A shows an RTD used for the experiments. The RTDs had a sensitivity of 
0.00385 ohms/oC. The configuration consisted of four wires and haan operating range 




then operated by a LabVIEW circuit. The DAQ device used was the NI 9217 with four 
channels specifically designed to acquire analog data from 3 and 4 wire RTD 
configurations [27]. A NI 9217 DAQ device is represented in Figure 20 B. 
 
Figure 20 A- F3105 4 wire RTD       B- NI 9217-DAQ Device 
The setup used for the experiments is given by Figure 21. Two RTDs were used 
for the experiements. One was fixed at the center of the piston plate. The other one was 
installed at the right corner of the plate. The arrangement of RTDs on the piston plate is 
shown by Figure 22 . The RTDs were buried in the powder bed and fixed with respect to 
the piston plate. As the piston dropped down during the course of the experiment, so did 
the RTDs.  
 
Figure 21- Experimental Setup for Internal temperature measurements
Figure 22-Arrangement of RTDs on the Piston 
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3.1 Sustainability Analysis 
A warm-up layer of 0.5 inches Nylon-12 powder was deposited and brought to 
100o C. Then successive layers of 0.004 inches were deposit d, brought to 186oC and 
then sintered. The whole build took about 12.5 hours. The clamp-on ammeters were 
clamped to the machine for the whole length of the build. Figures 23, 24 and 25 give the 
current flowing across the three phases of the machine plotted against time for the build 
of the prosthetic parts.  
 






































































Figure 24-Current versus Time in Phase 2 
 




































































































































From the graphs, the average values of current flowing across the three phases 
were calculated to be 51 A, 47.99 A and 45.6 A, respectively. The line voltage (VL) of 
the system is 235 V. Therefore the power of the system can be calculated as follows [28] 
Power (W), P = (VL/√3) * (I1+I2+I3)    (1) 
Where I1, I2 and I3 are the currents flowing in phase 1, phase 2 and phase 3 
respectively. From the aforementioned values of currents and voltage, the power was 
calculated to be 19.6 kW. However this is the averag  power value obtained during the 
entire build. The original power values were found to vary from 10 kW to 24 kW as 
shown in Figure 26.  
 














































































The power drawn by various drains were also calculated nd it was found out that 
the heater system which is used for heating the p
of electricity followed by the stepper motor system which controls the piston motion of 
the powder bed, then the roller system which spreads the powder across the bed and 
finally the laser system. The difference betwee
by individual components was attributed as unaccounted losses which included the 
computer interface, the blower system, etc. The approximate values of power acquired by 





owder bed was the biggest accumulator 
n the total power and the power acquired 
gure 27.  








3.2 Thermal Distribution 
3.2.1Sheet of paper build 
The internal temperature measurements were tested during the fabrication of a 
“sheet of paper (25.7 X 17.2 cm)". A pair of RTD's was embedded in the part bed, one 
near the center and one near the right rear corner, 1 inch (25.4 mm) above the piston 
surface, and ½  inch (13 mm) below the surface. A time history of the RTD signals and 
depth below the powder surface was plotted and is shown in Figure 28.RTD1 represents 
the RTD placed at the corner of the piston plate, and RTD2 represents the one placed at 
the center of the piston plate. The machine was preheat d to 80oC overnight. ½ inch (13 
mm) of powder was deposited during the normal warm-up cycle, in which the part bed 
surface was heated to 173oC before each successive 0.004 inch (0.1 mm) layer of powder 
was deposited. To heat the first layer during the warm-up required about 18 minutes. The 
remainder of the warm-up layers was deposited over th  subsequent 68 minutes. One 
layer of powder was sintered in a 25.7 X 17.2 cm sheet, over 9 minutes. Then 0.1 inches 
(2.54mm) of powder was deposited on top of the sintered sheet in 0.004 inch (0.1 mm) 





Figure 28- RTD readings of temperature for the sheet of paper build 
3.2.2 Perforated box build 
Figure 29 shows the temperature distribution for the perforated box build. A pair 
of RTD's was embedded in the part bin, one near the center and one near the right rear 
corner, 1 inch (25.4 mm) above the piston surface. The two RTDs were placed 0.005 
inches (0.127 mm) below the surface of the part bed. There were no warm-up layers 
deposited and the first layer was sintered as soon as the first layer deposited was brought 
to a 173o C set-point. A single layer took approximately 9 minutes to sinter. 2 inches (50 

























































over one another. After the sintering process was complete, cool-down of the build 
started with no cool-down layers being deposited. The total build was completed over a 
period of 72 hours.  
 
 
Figure 29- RTD readings of the perforated box build 
3.2.3 Warm-up deposition 
Figure 30 represents the temperature distribution of a warm-up layer deposition. 
0.004 inches (0.1mm) of powder were deposited in layers for 2 inches (50mm) and 
















































was carried out to determine the effects of laser sintering on the temperature profile of the 
part build. The total time taken for the warm-up layer deposition was about 5.5 hours as 






























4.1 Sustainability Analysis 
4.1.1 Power Consumption Trends 
Heating, which normally is considered a power intensive process, is done by four 
heater systems in an SLS VanguardTM HiQ+HS machine: left feed heater, right feed 
heater, part cylinder heater and part heater. The power consumed by the heater zones 
accounted for a significant portion of the total power consumed by the machine. The high 
power consumption of the stepper motor system was attributed to the reciprocating action 
in lifting heavy loads of powder on the feed cylinders.  The laser system accounted for 
16% of the overall consumption. The chiller setup which is used to cool the laser in an 
SLS machine uses an independent source in the case of  VanguardTM HiQ+HS machine. 
It consumed about 1.5 kW power. This value was not used in the sustainability analysis 
although a comprehensive study on sustainability of a process needs to include it.   
4.1.2 Sustainability Indicators 
 Measures of environmental impact for certain materi ls, energy, etc. are needed 
to perform a sustainability analysis to determine th total energy factor. Environmental 
and Resource Management Data (ERMD) define what the environment actually is and 




ERMD data, Eco-indicator 95, collected and calculated by PRe Consultants of 
Netherlands [29] were used. The higher the indicator, the greater is the environmental 
impact. The principle of Eco-indicator is explained by Figure 31. The eco-indicator for a 
certain material or a process can be obtained as follows. First, inventory of all 
environmental effects and damages are made. Then a normalization is applied to obtain 
some equivalent effects. Finally weighting factors a e used to scale the effects.  
 
 





Luo, et al. [5] devised a process model to compare the total energy factors of 
several SFF processes. The ERMD data, the Eco-indicator 95, was employed to provide 
quantitative measures for the total energy consumed during the process.  
For the analysis, the following process parameters were used: V, scanning speed 
(mm/s); W, road width size (mm); T, layer thickness (mm); ρ, material density (kg/mm3); 
P, power rate (kW); and k, process overhead coeffici nt (0.6-0.9). 
The Process Productivity (PP) and the Energy Consumption Rate (ECR) may be 
determined according to the principle of layered fabrication as  
PP (kgh) = V x W x T x ρ x 3600 x k     (2) 
and 
ECR (kWhr/kg) = Power rate/ Process Productivity   (3) 
The total energy indicator was obtained by the product of ECR and Eco-Indicator 
for electricity which is 0.57 [29]. The specific gravity of Nylon-12 was taken as 1.04. 
 Table 6 shows the total energy indicator of SLS VanguardTM HiQ.   The overhead 







Parameters SLS VanguardTM  HiQ 
V (mm/s) 10000 
W 0.4 
T 0.15 
Specific gravity 1.04 
K 0.6 
P (kW) 19.6 
Process productivity(kg/hr) 1.35 
Energy consumption rate (kWhr/kg) 14.5 
Eco-indicator (/kWhr) 0.57 
 
Total Energy Indicator 
 
8.3 
Table 6- Sustainability Analysis of SLS VanguardTM  HiQ 
 The Total Energy Indicator value for the SLS VanguardTM HiQ sinterstation with 




of Stereo Lithography SLA®5000 and Fused Deposition Modeling FDM-8000 which 
were 12 and 13, respectively [5]. Therefore on an energy consumption perspective, SLS 
fared much better than the other two SFF processes. 
The mean power consumed by the HiQ+HS machine was about 19.6 kW. The 
energy consumption rate as given by Table 6 was calculated to be 14.5 kWhr/kg [ECR]. 
This value is less compared to the one published by researchers at Loughborough 
University [30]. Their value of ECR was 56 kWhr/kg. The reason for this discrepancy 
might be that the process productivity was assigned a much smaller value in their study. 
The value used in our study was 1.35 kg/hr. This value was derived from Luo et.al [5]. 
Baumers, et al. [30] also report a lower value for mean power consumption at 4.7 kW for 
an SLS VanGuard HiQ+HSTM machine.  The instrumentation used to measure energy 
consumption in their study was a portable power monitori g setup based on Yokogawa’s 
CW240 digital power meter [30]. The instrument used for our study was a clamp-on 
ammeter which recorded instantaneous current readings which were then multiplied with 
the line voltage (VL) as shown in Eq.(1).  The difference of about 300% in power 








4.2. Thermal Distribution 
4.2.1 Material Properties 
Understanding the material properties was important for determining the thermal 
characteristics of the SLS machine.  
Density (ρ) is one key property that governs sintering of a powder system [31]. 
The density of the Duraform PATM powder was measured by building a cubic shell and 
carefully measuring its mass and volume. The cube was emptied and carefully cleaned, 
and the shell's mass and internal volume were measur d again. The density of the powder 
in the cake surrounding a sintered part was found to be 490 kg/m3. This represents the 
density of the powder system while in the machine. A density of 1010 kg/m3 was used for 
the density of solid nylon.  
Porosity (ε) can be defined as 
ε = 1 – (ρpowder / ρsolid)                     (4) 
Thus by substituting the values of density, the porosity of the powder used is calculated 
as 51%.  
Thermal conductivity is much more complex to determine as several approaches 




32, 33] and each of them give different results. Dong et al made an estimate based on 
porosity, shown in Eq (5). [23] 
kef = ks (1- Cε)              (5) 
where ks = 0.28 (W/mK) is the thermal conductivity of the solid material, C = 1.11 is an 
empirical constant. 
The method used by Gusarov, et al is based on thermal contact between spherical 
particles but does not account for the conductivity of the interstitial gas [15]. The 
estimate of kef is given in Eq (6). 
kef = ks (pn/)        (6) 
where p is the relative density, p = 1-ε, n is the coordination number based on the packing 
configuration, and x is the contact surface ratio, x = a/R, where a is the radius of the 
circular contact region between particles, and R isthe particle radius. The relative density 
for nylon-12 powder in this study was p = 0.49 which fell between the calculated relative 
densities for simple-cubic and diamond packing configurations. The coordination number 
was estimated by performing a linear interpolation based on the relative densities and 
coordination numbers of the simple cubic and diamond packing configurations to find  
nest = 0.88.  
By this method, kef is dependent on the contact surface ratio, which was unknown 




 kef = 0.88ksx           (7) 
This relation is valid for 0 < x < 0.3, which is given as a reasonable range for non-
sintered powders. Thus, a reasonable upper limit on kef by this method is kef = 0.074 
W/mK. The contact surface ratio increases during heating as the powder particles deform 
and begin to sinter, so that the conductivity may be much lower at the beginning of the 
build than it is at the end. 
Nitrogen gas was used as the inerting medium in the SLS machine. A reasonable 
lower limit for kef would be the thermal conductivity of the interstitial gas kN2 = 0.033 
(W/mK).  
The specific heat of c = 1800 J/kgK was assumed to be the same for powder and 
solid nylon. 
4.2.2 Thermal Profile of the part bed 
4.2.2.1 Sheet of Paper Build 
Figure 28 gives the RTD readings of temperature distribution inside the part bed 
of a “sheet of paper” build. There was a warm-up layer of 0.5 inches above which layers 
of powder were sintered. The temperature of the part heaters was set at 173o C. However 
the highest temperature recorded by the RTDs was approximately 82oC. This discrepancy 
is attributed to the poor thermal conductivity of the powder used.  
 
Figure 32 is a numerical model that gives temperature contours f the machine as 
seen from the front view of the build 
The three blue bins at the bottom are the powder bins. The space above the powder bins 
is N2 in the range 400-450K (127
heaters, at steady-state at thi
energized because the surface temperature of the feed bins is at or above the set 
temperature. 
Figure 32- Temperature profile of 2
Figure 33 is an infra
temperature at the surface of the part bed were made by means of an infrared (IR) 
camera. The camera was a FLIR model A325 thermal imging camera, with a 320X240 
pixel resolution and 16-bit resolution. The maximum temperature as recorded by the 
 
61 
chamber at the end of a simulated warm
-177oC). The two hot spots in the center are the radiant 
s point in the simulation. The feed bin heaters are not 
-D numerical model at the end of simulated 
warm-up to 451K (178oC) 






camera on the surface is about 450 K (177oC). This is in contrast to the readings of the 
RTDs which showed a maximum temperature of around 82oC. At this particular time in 
the build, the distance of the RTDs from the surface of the piston was about 0.505 inches. 
The thermal gradient is due to the high insulating capacity of the Duraform PATM 
powder.  In Figure 33, the right end of the surface is significantly hotter than the left end. 
The reason for this difference was due to the fact that the part heater had several hot spots 
in the right end compared to its left end. The thermograph of the part heater is shown by 
Figure 34. 
 






Figure 34- Thermal profile of the part heater 
4.2.2.2 Perforated box build 
The sintering action of the laser was not captured in Figure 33 because of the high 
reflectivity of the surface during sintering. To capture the sintering effect, it was decided 
to build a perforated box that enabled access to sin ered as well as non-sintered powder in 
the same plane. Figure 35 shows an image captured during the sintering of one of the 
layers of the perforated box. The maximum temperature recorded in the layer other than 
at the point of impact of the laser was approximately 450 K (177oC). There was again a 
similar trend of the right end of the surface being hotter than the left end as expected. 
However, during the perforated box build, the temperature of non-sintered powder read 
low compared to the sintered portion as shown in the figure. This is an indication that the 
laser action leaves behind a significant thermal print. 
 
  
Figure 35- Thermal profile of part bed surface during the first layer of the 
This trend however, disappeared with further addition and sintering of layers. An 
image recorded halfway through 
between the sintered and non
throughout as shown in the 
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perforated box build 
t e build (about 1 inch depth) showed
-si tered powder. The thermal image was uniform 
Figure 36.  
 
 no difference 
 
Figure 36- Thermal profile of the surface midway through the perforated box build
 
This build was carried 
0.005 inches (0.127mm) below the surface. Therefore wh n the first layer was being 
sintered, the tip of the RTDs was 0.009 inches (0.23 mm) below the top of the surface. 
The highest temperature recorded
of around 20oC between RTD1 and RTD2. The lower temperature recorded by the RTD 





out with no warm-up layers. The RTDs were embedded at 








4.2.2.3 Warm-up layer deposition 
Figure 30 gives the RTD readings when layers of powder were deposited and 
brought to 173oC without laser action. The RTDs were again placed 0.005 inches below 
the surface. The temperature reached a maximum however as the depth of layers 
increased. This showed that in the absence of the las r action, the time taken for the 




















5.1 Sustainability Analysis 
Power consumption in a 3D Systems VanguardTM  HiQ+HS sinterstation was measured 
using Dranetz TR2013 clamp-on ammeters. For a Nylon-12 full chamber build, the 
average total power consumption was found to be 19.6 kW.  Most of the energy was 
consumed by the chamber heaters (37%), followed by the stepper motors for the piston 
control (26%), the roller drives (16%) and the laser (16%).  The chiller setup for a 
VanguardTM  HiQ+HS sinterstation uses an independent power source. It drew about 1.5 
kW. Then a sustainability analysis was carried out using Eco-Indicator 95 which is a type 
of Environmental and Resource Management Data (ERMD). A Total Energy Indicator 
value was calculated from the various parameters involved such as power consumption, 
process productivity etc. The TEI of SLS, approximately 8.0 was found to be competitive 
with other additive manufacturing processes. The sustainability of the process can be 
improved by increasing productivity of parts produced. Energy savings which will also 
lead to an improvement in sustainability can be achieved by operating the build process at 






5.2 Thermal Distribution Study 
Resistance Temperature Detectors were positioned insi e the part bed of a DTM 
Sinterstation® 2500plus machine to determine the thermal profile of an SLS process. 
Temperature measurements in the powder cake around the part confirmed the low 
thermal diffusivity of nylon powder. It was interesting to note, for instance, that in the 
case reported in Figure 28, the machine had been left to warm up to 80oC overnight. 
Although the interior space was at steady state, the initial temperature recorded by the 
RTD's was 25oC below the surface temperature. The peak temperatur  reached at the 
surface during the build was 178oC, yet the peak temperature recorded by the RTD was 
91oC lower. The lower temperatures recorded by the corner RTD are explained by its 
proximity to the part bin wall.  
The results show that the implications for part quality re substantial. That is, monitoring 
and maintaining the radiant heaters was shown to be important for part quality as given 
by Figure 34.It was also confirmed that radiation dminated the heat transfer in the build 
chamber, and convection played a very minor role.  
The effects of laser sintering also played a huge rol  in temperature distribution of the 
bed. A build without laser sintering, with the same parameters read 20oC less than the one 





3. Future Work 
• A life cycle analysis should be done to determine the comprehensive 
sustainability of the process. Primary refining of material, which is not considered 
in this study, usually consumes about 80% of the total energy involved in a 
manufacturing process [34]. 
•  Infinitely recyclable materials and other ways to reduce material consumption 
should be investigated.   
• New designs to improve productivity of the process need to be made to reduce the 
carbon foot print of SLS. 
• A model should be developed to compare and quantify the sustainability of 
additive manufacturing and conventional manufacturing technologies. 
• For better thermal management of SLS, the material p operties need to be refined 
based on experimental results and further characteriza ion.  
• A systematic plan must be formulated to ensure proper maintenance of heater 
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